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Ultrasound scan characterization of carotid artery
stenosis has led to great advances in clinical research
and patient care in the past three decades.1 In many
cases, duplex ultrasound scanning provides sufficient
physiologic and imaging information for clinical deci-
sion making and operative treatment without the use
of carotid arteriography.2,3 The acceptance of duplex
ultrasound scanning as a stand-alone diagnostic entity
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Purpose: Management decisions regarding carotid artery disease are critically dependent
on stenosis but have been made difficult because of conflicting methods used to deter-
mine such stenosis. The increasing use of duplex ultrasound scanning has conventional-
ly depended on Doppler velocity measurement, an indirect method for calculating
carotid stenosis. Recent technical advances have improved the quality of B-mode/color-
flow ultrasound scan imaging (USI). We tested prospectively whether USI was clinical-
ly effective as the primary criterion for estimating carotid stenosis.
Methods: Transverse and longitudinal USI, Doppler velocity, and arteriography data were
obtained sequentially and independently for 713 carotid bifurcations. The internal
carotid artery (ICA) residual lumen, the local outer diameter at the stenotic site, and the
diameter distal to the bulb were measured in a representative USI longitudinal section.
The peak systolic velocity and the end diastolic velocity (EDV) were measured at the
stenosis. Local stenosis as determined with USI was compared with the x-ray arterio-
graphic clinical radiology interpretation (XRI). As the primary method, radiologists
compared the residual lumen with the distal ICA diameter, as recommended by the
North American Symptomatic Carotid Endarterectomy Trial and the Asymptomatic
Carotid Atherosclerosis Study. Analysis was by means of the USI positive predictive
value (PPV) and negative predictive value (NPV) of the XRI findings, with the assump-
tion that 80%, 70%, and 60% local stenosis with USI related to 70%, 60%, and 50%
stenosis with XRI, respectively.
Results: All 56 ICA occlusions as determined with USI were confirmed with XRI. When
the USI showed 80% to 99% stenosis, the PPV of the XRI showing 70% to 99% steno-
sis was 94% (116/123). Two ICAs that were shown to be severely diseased with USI
appeared to be occluded with XRI. For <50% stenosis shown with USI, the prediction
of <50% stenosis shown with XRI was 94% (253/269). For borderline stenosis in the
50% to 79% range with USI, the addition of velocity criteria to USI data improved both
the PPV and the NPV. In the range of 70% to 79% stenosis with USI, the PPV improved
from 82% (76/93) to 91% (53/58) for the subgroup with an EDV of more than 80
cm/s. For the range of 60% to 69% stenosis with USI, the PPV improved from 75%
(71/95) to 95% (21/22) for the subgroup with an EDV of more than 80 cm/s. In the
range of 50% to 59% stenosis with USI, the NPV improved from 69% (53/77) to 93%
(14/15) for the subset with a peak systolic velocity of less than 100 cm/s.
Conclusion: On the basis of the USI data alone, a prediction of arteriographic findings
was possible at the 95% level for occlusion and severe stenosis and for ruling out hemo-
dynamically significant stenosis. The addition of velocity data improved prediction in
borderline degrees of stenosis. USI was effective for quantifying clinically significant
degrees of stenosis. (J Vasc Surg 1999;29:838-44.)
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is resisted by some experienced clinicians who provide
the following three criticisms: (1) the variability in
velocity criteria for assignment of stenosis results 
in conflicting interpretation of ultrasound scan
images,1,4-12 (2) the instrument variability in obtain-
ing duplex scan data causes unacceptable variance in
results,13-16 and (3) the ultrasound scan velocity
methods do not yield an objective graphic record that
can be measured by means of standard imaging pro-
tocols by any other observer.
We attempted to address these concerns by using
color-flow/B-mode ultrasound scan imaging (USI)
technology to measure carotid stenosis. A database
was created prospectively with USI measurements,
velocity determinations, arteriographic clinical inter-
pretation, and independent arteriographic measure-
ments to test the hypothesis that modern USI is
clinically effective for quantifying carotid stenosis by
answering the following questions: does USI predict
arteriographic findings? and does the addition of
velocity data improve USI prediction?
METHODS
USI and x-ray arteriographic interpretation
(XRI) data were prospectively collected from 713
carotid bifurcations among 420 patients between
January 1993 and November 1997. Ultrasound scan
velocity measurements and independent arterio-
graphic measurements also were recorded prospec-
tively. Patients who were referred to the inpatient or
outpatient site of a vascular laboratory accredited by
the Intersocietal Commission for Accreditation of
Vascular Laboratories for standard carotid duplex
ultrasound scan evaluation were candidates for the
study. The indications for the test included usual
signs, symptoms, and risk factors. Of the 713 carotid
bifurcations studied, 42% were from women and
58% were from men, 51% were right and 49% were
left carotid bifurcations, and 55% and 45% of the
tests were performed in the inpatient or outpatient
setting, respectively. The average age was 69 ± 11
years (age range, 30 to 91 years). All the patients
underwent carotid XRI within 6 months of the USI
examination. Of the 713 carotid bifurcations
entered in the study, arteriography was performed
within 1 day in 19%, within 1 week in 52%, within 1
month in 71%, within 2 months in 90%, and within
4 months in 99% of the cases.
Carotid ultrasound scanning. USI examina-
tion was performed with the patient at rest in the
supine position. The technologist explained the test,
obtained consent, completed a clinical question-
naire, and obtained color-flow/B-mode images of
the common carotid artery, the internal carotid
artery (ICA), and the external carotid artery in
transverse and longitudinal sections. A representa-
tive B-mode longitudinal section was frozen, and
the following measurements were performed (Fig
Fig 1. Longitudinal ultrasound scan B-mode image of internal carotid artery with measure-
ments of residual lumen and local arterial outer diameter at stenotic site.
1): the minimal residual lumen at the site of maxi-
mum stenosis, the local arterial outer diameter at the
site of maximum stenosis, and the ICA diameter dis-
tal to the bulb. Velocities proximal to, at, and distal
to the plaque were scanned in search of maximum
values. Doppler scan cursor alignment was parallel to
the wall unless a major discrepancy suggested that
alignment should be parallel to the flow jet
instead.17,18 Representative pairs of peak systolic and
end diastolic velocities (PSV and EDV) were record-
ed for the common carotid artery, the ICA, and the
external carotid artery.
Arteriography. Standard, multiplanar arteriogra-
phy was completed with retrograde catheterization via
the common femoral artery. Computerized magnifi-
cation of x-ray pictures was used as deemed necessary
by the radiologist who performed the examination.
Diameter measurements were performed with com-
puter calipers. Radiologists measured and compared
residual lumen with distal normal ICA diameter as the
primary method19,20 to determine the severity of
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stenosis (Fig 2). Because XRI results were used as the
reference for comparison in this study, the interpreta-
tions were validated by independent second measure-
ments. Linear curve fitting analysis between XRI and
independent measurements resulted in correlation
coefficients greater than 0.90. With regression analy-
sis, XRI results were 2% higher at 90% stenosis, 4%
higher at 70% stenosis, and 6% higher at 50% stenosis.
For XRI results of 50% stenosis or more, the XRI data
were within 10% of the independent measurements in
90% of the cases (288/319).
Data analysis. The USI measurements of the
ICA residual diameter (RL), the diameter at the
stenotic locale (LD), and the ICA distal diameter
(DD), the PSV and the EDV, and the XRI and inde-
pendent measurements were entered in a computer-
ized spreadsheet. If the radiologist provided a range
(eg, 60% to 70% stenosis), the middle value, 65%, was
selected to represent the percent stenosis. Percent
diameter reductions were calculated for USI referring
RL to LD or DD with the standard equations: 100 ·
(LD – RL)/LD, and 100 · (DD – RL)/DD.
To represent a study of clinical effectiveness, we
selected clinical radiology interpretation as represen-
tative of arteriographic findings to be compared with
USI measurements. We report in this paper results
obtained with USI measurements of local stenosis,
which were better than those obtained with USI
measurements comparing residual lumen and distal
ICA diameter. In retrospect, we suspect that the
measurements in the longitudinal section underesti-
mated the distal ICA diameter slightly. On the basis
of preliminary regression analyses including either
ultrasound scan or arteriographic data, the local
stenosis measurements in the range of hemodynami-
cally significant stenosis were approximately 10 
percentage points higher than the stenosis referenced
to distal ICA diameter. For the sample population
included in this study, linear regression analysis
between USI local stenosis measurement (USL) 
and USI North American Symptomatic Carotid
Endarterectomy Trial (NASCET) measurement
(USN) greater than zero (n = 535) provided the
equation: USN = –34 + 1.30 USL, with a correlation
coefficient equal to 0.93. Regression analysis linked
USL = 80% to USN = 70% and linked USL = 72% to
USN = 60%. For simplification, we equated local
stenoses with USI of 80%, 70%, and 60% to stenoses
with NASCET of 70%, 60%, and 50%, respectively.
Analysis was performed with the USI positive
predictive value (PPV) and negative predictive value
(NPV) of XRI findings. The following subgroup
comparisons were performed: (1) PPV for USI =
Fig 2. Arteriogram of carotid arteries with measurements
of residual lumen and internal carotid artery diameter dis-
tal to bulb.
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80% to 99% stenosis prediction of XRI = 70% to 99%
stenosis; (2) PPV for USI = 70% to 79% stenosis pre-
diction of XRI = 60% to 99% stenosis; (3) PPV for
USI = 60% to 69% stenosis prediction of XRI = 50%
to 99% stenosis; (4) NPV for USI <50% prediction
of XRI <50% stenosis; and (5) NPV for USI = 50%
to 59% stenosis prediction of XRI <50% stenosis.
We analyzed the influence of combining USI
results and velocity criteria to estimate the XRI
results. Several PSV and EDV thresholds were eval-
uated, and the data for velocity thresholds with best
results are reported. A PSV of less than 100 cm/s
was selected as a criterion, in addition to imaging, to
predict <50% stenosis with XRI. EDVs of 80 cm/s
or more or of 120 cm/s or more were selected as
additional criteria for positive XRI findings.
Considering that velocity estimates have a physio-
logic variability/measurement error of 20% for a
95% confidence level,21 a PSV of 100 cm/s and an
EDV of 80 cm/s are the lower limits and an EDV of
120 cm/s is the upper limit for commonly used PSV
of 1251 cm/s and EDV of 100 cm/s10 criteria.
RESULTS
The distribution of carotid stenosis as determined
with XRI was across all levels (Fig 3). Among patients
with unilateral evaluations, 71% (90/127) had hemo-
dynamically significant stenosis ‡ 50% diameter reduc-
tion. Among patients with bilateral evaluation, 31%
(91/293) had no hemodynamically significant stenosis
disease in either carotid bifurcation, 40% (117/293)
had significant disease in one side, and 29% (85/293)
had significant stenosis bilaterally.
Fig 4 shows the raw data relating local stenosis as
seen with USI and the XRI clinical interpretation.
Table I summarizes the PPV and NPV results obtained
with USI exclusively. One of the two patients with a
patent ICA by means of USI but an occluded ICA by
means of arteriography underwent repeat arteriogra-
phy 3 months later that showed a patent ICA. For USI
results that showed 80% to 99% stenosis, there were no
false positive cases defined as mild or no XRI disease
with XRI results that showed <50% stenosis. For USI
results that showed 70% to 79% stenosis, there were
7.5% false positive cases (7/93) with XRI results that
Fig 3. Prevalence of internal carotid stenosis according to arteriographic clinical interpretation.
Table I. Internal carotid artery stenosis: ultra-
sound imaging prediction of arteriographic findings
Percent stenosis No. of Percent stenosis
with USI findings cases with XR findings PPV % NPV %
100 56 100 100
80 to 99 123 100 2
70 to 99 94
50 to 69 4
70 to 79 93 60 to 99 82
50 to 59 11
<50 7
60 to 69 95 50 to 99 75
<50 25
50 to 59 77 70 to 99 9
50 to 69 22
<50 69
<50 269 70 to 99 1
50 to 69 5
<50 94
USI, Ultrasound scan imaging; XR, arteriography; PPV, positive
predictive value; NPV, negative predictive value.
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showed <50% stenosis. For USI results that showed
<50% stenosis, there were two false negative cases
(0.7%) with XRI results that showed ‡ 70% stenosis.
For XRI results that showed ‡ 70% stenosis, a sen-
sitivity of 97% (270/279) was accomplished with USI
results for ‡ 60% stenosis. For XRI results that showed
<50% stenosis, a specificity of 91% (308/339) was
achieved with USI results for <60% stenosis.
Table II shows improvements in PPV or NPV
once EDV or PSV criteria were considered in addi-
tion to USI results.
DISCUSSION
USI provided effective prediction of arterio-
graphic findings for internal carotid artery occlusion
and severe stenosis and for ruling out hemodynami-
cally significant stenosis. Because evidence accumu-
lates showing the deficiencies of standard projection
arteriography,22,23 we avoided extensive calculations
of USI sensitivity and specificity.
The value of good quality USI results to predict
normal or mild carotid disease is not a new find-
ing.24 Improved B-mode technology together with
advanced color-flow and power Doppler scanning
have contributed to a better definition of severe
stenosis and internal carotid artery occlusion.
The greatest need for clinical interpretation
resides with the cases of moderate carotid disease in
the range of 50% to 79% stenosis as determined
Table II. Internal carotid artery stenosis: duplex
ultrasound scanning prediction of arteriographic
findings
Percent stenosis Percent stenosis 
with USI No. with XR
findings of cases finding PPV % NPV %
80 to 99 121 70 to 99 96 
plus EDV >80 cm/s 114 98
plus EDV >120 cm/s 99 99
70 to 79 93 60 to 99 82
plus EDV >80 cm/s 58 91
60 to 69 95 50 to 99 75
plus EDV >80 cm/s 22 95
50 to 59 77 <50 69 
plus PSV <100 cm/s 15 93
USI, Ultrasound scan imaging; XR, arteriography; PPV, positive
predictive value; NPV, negative predictive value; EDV, end dias-
tolic velocity; PSV, peak systolic velocity.
Fig 4. Internal carotid artery stenosis. Raw data from 713 carotid bifurcations relating ultra-
sound scan imaging measurements of local stenosis to arteriographic clinical interpretation.
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with USI. Stenosis of 70% to 79% with USI should
be considered an indicator of severe disease, partic-
ularly if EDVs are more than 80 cm/s. Some of 
the false positive findings in this range may actual-
ly have been false negative arteriogram results.
Stenosis in the range of 60% to 69% with USI can
create interpretation problems, and velocity mea-
surements may help only in a small subgroup of
patients. In contrast, USI measurements of 50% to
59% stenosis resulted mostly in nonhemodynami-
cally significant lesions with XRI results of <50%
stenosis. The value of low PSV to improve predic-
tion was limited to a few patients, and the false
negative tests with XRI findings of 70% to 99%
stenosis may have represented technical errors.
Technical errors may be caused by inappropriate
B-mode gain, dynamic range, color bleeding, or
poor sensitivity to low velocity or low flow volume.
Dense calcification, high bifurcation, severe tortuos-
ity, extreme plaque length, patient movement, poor
arterial wall definition, poor color fill, and neck habi-
tus can preclude definitive USI measurements. The
inability to obtain high quality USI results may be as
high as 10% to 20% of the studies performed,
depending on the population characteristics of indi-
vidual laboratories. Power Doppler scanning may
eventually be sensitive enough to allow estimation of
percent diameter reduction even in the presence of
shadowing (Fig 5).
We opted to investigate the value of USI after
reports of errors that were associated with velocity
measurements obtained with different transducers
and different angles of insonation.13-16 The report
of the NASCET trial clearly showed the problems
associated with velocity measurements in multiple
vascular laboratories25 and received criticism for
emphasis only on PSV.26 Some of the velocity errors
can be avoided with the consistent use of the same
equipment—a condition that is not practical for
many institutions. With good quality control and
proper internal validation, individual laboratories
may establish their own accurate velocity criteria. We
previously reported results comparing USI and
velocity criteria.27 We recommend the use of veloci-
ty measurements as confirmatory of USI findings
with proper documentation and adequate explana-
tion of discrepancies between significant stenosis
and low velocities (eg, critical stenosis, low cardiac
output) or high velocities in the presence of minimal
disease (eg, kinking, compensatory collateral flow).
Patient selection may represent a potential bias.25
The prevalence of disease in this population was sig-
Fig 5. Power Doppler ultrasound scanning has higher sensitivity than color-flow Doppler
scanning techniques, improving chances of detecting flow lumen distal to dense calcified
plaque, and, therefore, of calculating percent diameter stenosis.
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nificant. This study evaluated the effectiveness of
carotid ultrasound scanning in relation to arterio-
graphic interpretation as commonly found in clinical
practice. All degrees of stenosis were represented.
In summary, USI alone predicted arteriographic
findings at the 95% level for occlusion and severe
stenosis and for ruling out hemodynamically signifi-
cant stenosis. The addition of velocity data further
improved prediction in subgroups of patients with
severe or borderline degrees of stenosis. USI was
effective for quantifying clinically significant degrees
of stenosis.
We thank Jacki Stedman for her assistance in the
preparation of this manuscript.
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